Abstract. More than 50% of global wetland area has been lost over the last 200 years, resulting in losses of habitat and species diversity as well as decreased hydrologic and biogeochemical functionality. Recognition of the magnitude of wetland loss as well as the wide variety of ecosystem services provided by wetlands has in recent decades led to an increased focus on wetland restoration. Restoration activities, however, often proceed in an ad hoc manner, with a focus on maximizing the total restored area rather than on other spatial attributes of the wetland network, which are less well understood. In this study, we have addressed the question of how human activities have altered the size distribution and spatial organization of wetlands over the Prairie Pothole Region of the Des Moines Lobe using highresolution LIDAR data. Our results show that as well as the generally accepted 90% loss of depressional wetland area, there has been a preferential loss of smaller wetlands, with a marked alteration of the historical power-law relationship observed between wetland size and frequency and a resulting homogenization of the wetland size distribution. In addition, our results show significant decreases in perimeter-to-area ratios, increased mean distances between wetlands, particularly between smaller wetlands, and a reduced likelihood that current wetlands will be located in upland areas. Such patterns of loss can lead to disproportionate losses of ecosystem services, as smaller wetlands with larger perimeter-toarea ratios have been found to provide higher rates of biogeochemical processing and groundwater recharge, while increased mean distances between wetlands hinder species migration and thus negatively impact biodiversity. These results suggest the need to gear restoration efforts toward understanding and recreating the size distribution and spatial organization of historical wetlands, rather than focusing primarily on an increase in overall area.
INTRODUCTION
Wetlands cover an area greater than 1280 million hectares worldwide (Finlayson et al. 2005) and provide a range of ecosystem services, including flood control and groundwater recharge (LaBaugh et al. 1998 , Tiner 2003 , habitat for a unique range of flora and fauna (Euliss and Mushet 1999 , Babbitt 2005 , Johnson et al. 2010 , and a sink for excess nutrients Goldsborough 1998, Jordan et al. 2010) . Despite these benefits, wetlands have traditionally been considered a nuisance hindering agricultural and urban development, and this mindset has led globally to a loss of more than half of all wetland area over the past two centuries (Zedler and Kercher 2005) . At the same time, concerns over the fate of wetland ecosystems are widespread, and many programs have been implemented for wetland restoration (Zedler 2003 , Gleason et al. 2011 . Restoration, however, often proceeds in an ad hoc manner, focusing primarily on restoring maximum wetland area, without much consideration of the size distribution and spatial organization of different wetland classes within a landscape (Zedler 2003) . It is increasingly recognized, however, that wetlands do not function in isolation, but form an important component of the landscape mosaic that must be considered for successful restoration (Zedler 2003 , Pierce et al. 2012 . Understanding how humans have altered the architecture of wetlands within a landscape is the focus of our study. Specifically, we explore the impacts of geomorphic vs. anthropogenic controls on the characteristics and distribution of wetlands.
One example of a class of wetlands that has been extensively modified can be found in the Prairie Pothole Region (PPR) of North America. The PPR is a unique depressional landscape, covering an area of approximately 700 000 km USA (Fig. 1; van der Valk 2005) . Our focus in this study is on the southernmost tip of the PPR, also known as the Des Moines Lobe (DML), which lies within the state of Iowa, coincides with the southern boundary of the Wisconsin glacial advance, and encompasses an area of approximately 31 000 km 2 ( Fig. 1 ; Miller et al. 2009 ) The retreat of this glacier left behind a landscape of great hydrological complexity, including a vast network of shallow, depressional wetlands of varying size, shape, and connectivity, commonly known as potholes or sloughs (Kantrud et al. 1989 , Leibowitz 2003 . Although the individual wetlands in this area are generally small, covering areas of little more than a hectare, as a whole they make up the largest wetland network in North America (van der Valk 2005) .
The arrival of European settlers in Iowa in the 1800s led to drainage of large areas of wetlands and conversion to row crop agriculture such that by the 1980s, approximately 95% of the DML wetlands had been drained and were actively under cultivation (Schilling and Helmers 2008, Miller et al. 2009 ). The extensive artificial drainage network provided farmers with dry, highly productive soil, but degraded or altogether eliminated wetland functionality (Zedler 2003 , Blann et al. 2009 , Johnson et al. 2010 , Maltby and Acreman 2011 . Wetland drainage in the PPR has been linked to decreased surface water storage and increased flood frequencies (Brun et al. 1981 , Miller and Nudds 1996 , Gleason et al. 2011 , dramatic shifts in the composition of aquatic communities (Blann et al. 2009 , Pierce et al. 2012 , and a destruction of habitat for wetlanddependent species leading to reductions in wildlife populations of at least 50% in some areas (NRC 1992) and frequently a complete local elimination of many species (Weller 1981 , Blann et al. 2009 ). Loss of wetlands, which serve as important nutrient sinks, has also had dramatic effects on biogeochemical cycling, with reductions in wetland area being linked to increased discharge of nutrients to downstream systems (Whigham and Jordan 2003) .
Specific patterns of wetland loss emerged over time based on farm practices, patterns of land development, and, eventually, federal legislation. Because many of the smaller wetlands found across the DML were ephemeral, they were the easiest to drain and convert to farmland (Hewes and Frandson 1952, Miller et al. 2009 ), whereas large wetland areas were feared by settlers as sources of malaria and other illness and were avoided until policymakers pressed for larger-scale support of drainage efforts (Schroder 2006) . This pattern of wetland loss continued unhindered until 1972, when enactment of the Clean Water Act (CWA) in 1972 began protecting PPR wetlands based on their use by migratory waterfowl (van der Valk and Pederson 2003) . Even with the CWA, however, the smallest wetlands were exempted from protection; wetlands less than 1.2 ha in size could be filled with appropriate permitting, and those less than 0.13 ha (1300 m 2 ) could be filled without notification or oversight of the U.S. Army Corps of Engineers (van der Valk and Pederson 2003) .
Although federal wetland protections seem to be based on a ''bigger is better'' bias, the natural world exerts what might be considered the opposite bias, with the number of smaller waterbodies greatly exceeding that of larger ones (Downing et al. 2006) . Despite data constraints making it difficult to catalog and map the smallest waterbodies, numerous studies, including one carried out for a 5750-km 2 area of the PPR, indicate that the surface areas of both lakes and wetlands follow a power-law distribution down to sizes as small as 100- 1000 m 2 (Zhang et al. 2009 , Downing 2010 . According to this relationship, the number of wetlands (N ) in any identified size class varies as a function of wetland size
where A d is the wetland surface area in m 2 , and b and c are the exponent and coefficient of the relationship. Such distributions can be considered to constitute the basic architecture of any wetland network, and, from a restoration perspective, the importance of considering the size distribution and spatial organization of wetlands targeted for restoration, instead of focusing primarily on restoring the total area lost, has been recognized by multiple researchers (Semlitsch and Bodie 1998, Cohen and Brown 2007) . In order to achieve such a landscapescale restoration objective, however, particularly in an area such as the DML, with its high levels of wetland loss, it is first necessary to understand not just the distribution of current wetlands, but that of the historical wetlands that have been lost to drainage and other anthropogenic impacts.
Our first objective in the present study, therefore, is to better our understanding of the size distribution and spatial organization of historical depressional wetlands throughout the DML. Our second objective is to explore the role of human impact in altering the spatial organization of this large wetland network. It is our hypothesis that the size distribution of wetlands of the DML historically showed a power-law distribution, but that the preferential loss of smaller wetlands due to the anthropogenic forces described above has led to a significant breakdown of this original distribution. High-resolution, 1-m LIDAR data is utilized to explore details regarding the changes in this distribution and in the overall spatial organization of historical and current DML wetlands.
METHODS

Study area
Our focus in this study is on the DML of the North American PPR, based on the high density of historical wetlands as well as the very high levels of human impact in this area, resulting in the drainage of more than 90% of historical wetland area (Miller et al. 2009 ). We limit our analysis to the Iowa portion of the DML, based on the availability of high-resolution, 1-m LIDAR data for this area, which forms the basis of our analysis of depressional wetlands. Geologically, the DML is a combination of till plains, meltwater channels, outwash plains, and lacustrine plains, all of which were created by the retreat of Wisconsin-age glaciers (Miller et al. 2009 ). The landforms of the DML were shaped by three major glacial advances: the Bemis, the Altamont, and the Algona (Fig. 1) . The limits of each of these advances are marked by rocky moraines, which have created curved, concentric bands of ridged, hilly terrain that border the productive wetland and prairie soils of the more gently rolling, tillplane areas of the advances (Prior 1991) .
Before the installation of artificial drainage systems in the mid-1800s, the DML, which covers an area of 3.5 million ha, was the site of a dense network of wetlands. More than 90% of these wetlands were associated with upland landscapes (van der Valk 2005) . Although it was originally thought that the bowl-like prairie potholes were hydrologically isolated, formed by the melting of buried glacial ice, current work suggests that many of these depressions are only partially closed, linked by pathways created by the glacial meltwater channels (Prior 1991 , Leibowitz 2003 .
Identification of historical depressional wetlands: LIDAR and SSURGO analysis
We define a depressional wetland herein as a depressional area occurring on hydric soil and surrounded by higher elevations, thus making surface outflows insufficient for complete drainage to occur. A hydric soil is defined as ''a soil formed under conditions of saturation, flooding, or ponding long enough during the growing season to develop anaerobic conditions in the upper part'' (Hurt and Carlisle 2001) . Based on these definitions, historical depressional wetlands were identified using a methodology similar to that employed in a study of an extensively drained county in Illinois, USA (McCauley and Jenkins 2005) by intersecting the LIDAR data with the hydric soil maps. Detailed digital soil maps for watersheds falling within the DML were obtained from the USDA SSURGO database (1:15 840 scale; available online).
4 Polygons corresponding to areas with hydric or partially hydric soils were identified in ArcGIS 10.1 (Esri, Redlands, California, USA). Iowa LIDAR data (1-m resolution) obtained through the Iowa Department of Natural Resources (DNR) was utilized to create a bare-earth digital elevation model (DEM) for the DML, which was then used to identify depressions, using the SINKS command in ArcMap (part of ArcGIS). A sink is defined as an endorheic cell or depression in elevation with an inflow but no surface outflow, which is consistent with our definition of a depressional wetland. Hundreds of thousands of depressions were identified by this method, down to sizes less than 100 m 2 . However, to allow for direct comparison with the National Wetlands Inventory (NWI) data set for current wetlands, with its minimum mapping size of 400 m 2 (Iowa DNR 2009), all depressions less than 400 m 2 were removed from the LIDAR data set. The polygon layer corresponding to the depressional areas delineated by the LIDAR analysis was intersected with the SSURGO soil layer. LIDARidentified polygons that overlapped with either the hydric or partially hydric areas were then used to produce our combined model of historical depressional wetlands. As can be seen in Fig. 2 , the LIDAR-identified depressional areas represent a subset of the larger areas of hydric soil, which were identified based on soil survey data.
As noted previously (McCauley and Jenkins 2005) , there can be two potential problems with this approach. The first is that current DEM data may miss filled depressional areas, leading to underestimates of historical wetland area. Conversely, depressions corresponding to newly constructed stream channels or drainage ditches could lead to overestimates of historical wetland areas. The former problem is unavoidable when using this approach, but perhaps of only minor concern, as it leads to a conservative estimate. The latter problem, leading to overestimates, might be of greater concern, although our requirement that the depressional area correspond to an area of hydric soil reduces the likelihood that newly created depressional areas will be identified as historical wetlands. In addition, the proportion of stream channels and ditches relative to the overall area over which this analysis is done is likely quite small.
Identification of current depressional wetlands: National
Wetlands Inventory data Current depressional wetlands were identified using National Wetlands Inventory (NWI) data for the state of Iowa. The state-level information was obtained from the wetlands geospatial data layer, which was compiled by the Iowa Department of Natural Resources (DNR) and the U.S. Fish and Wildlife Service, and is available online.
5 The wetlands layer is a digital data layer stored in an ArcSDE geodatabase format and represents current estimates of wetland areas and locations based on high-altitude aerial photography and digital data sets such as USDA soil surveys and USGS digital topographic map information following the Cowardin et al. method (Cowardin et al. 1979) . The current Iowa NWI data was created using color infrared (CIR) images obtained in 2002, and the minimum mapping unit for wetland size included in this data set is 400 m 2 . NWI polygons detail the spatial locations of wetlands and provide information about the wetland type. The riverine and lacustrine wetlands in the NWI data set were removed for this analysis so as to focus only on palustrine wetlands.
Statistical analyses
The LIDAR and NWI data sets provided information on the density, sizes, and spatial configuration of the historical and current wetlands. The size-frequency distribution of the historical and current wetlands was analyzed by binning the data into histograms. Spatial clustering of historical and current wetlands was evaluated using the spatial statistics toolbox in ArcGIS. Nearest neighbor (NN) distances were calculated between centers of polygons based on the Euclidean distance between two points, for both historical and (b) clearly indicates how the use of hydric soils to identify depressional wetlands would lead to a greater value than our current method of using the intersection of the hydric soils and the LIDAR layer for identification of depressional wetlands. current wetlands using the ArcGIS nearest neighbor function. Nearest neighbor indices (NNI), the ratio between observed mean NN distance and the expected distance based on a random distribution, were evaluated to estimate the degree of spatial clustering.
Perimeter : area relationships for both historical and current wetlands were calculated using perimeter and area values for the wetland polygons obtained through ArcGIS. The complexity of the wetland perimeter was quantified in terms of the shoreline irregularity index (SI), a measure of shoreline irregularity expressed as a ratio of the wetland perimeter to the perimeter of a circle of equal area (Merendino and Ankney 1994, Gilbert et al. 2006 ). The dimensionless SI metric was calculated using the following equation:
where P is the wetland perimeter in m and A is the wetland area in m 2 . Wetland density maps for historical and current wetlands were created using the POINT DENSITY function in ArcMap 10.1. For the analysis, each wetland was represented by the centroid of the corresponding wetland polygon. Wetland densities were then calculated based on the fractional area in a 3000-m radius around each centroid that was occupied by wetlands. In ArcMap, this was done by creating an output raster, using wetland area as the population field for the point density analysis, with the area around each cell specified as a circle with a radius of 3000 m.
Distance to the river network was calculated by using the NEAR function in the ArcMap 10.1 proximity analysis toolbox. Euclidean distances were determined between the centroids of the depressions and the closest point in the current stream network. A GIS layer for major rivers of Iowa was obtained from the Iowa DNR GIS library.
RESULTS
The effects of geomorphic vs. anthropogenic controls on the size distribution and spatial organization of wetlands in the DML are discussed in the sections that follow. Geomorphic controls refer to the role of the glaciers in forming the landscape, and thus contribute to our understanding of the size-frequency distribution and spatial organization of the historical wetlands. Anthropogenic controls refer to human actions related to drainage of the landscape for agriculture. Comparing historical with current depressional wetlands allows us to evaluate the roles of these two controls in determining the current distribution of wetlands.
Size-frequency distribution of historical and current depressional wetlands
Historical wetland analysis using LIDAR and SSUR-GO data.-The analysis of LIDAR and SSURGO data led to the identification of more than 300 000 depressions within the DML falling on areas of hydric soil, with a total surface area of 386 000 ha. This area is significantly less than the previously estimated 1.4 million ha of pre-drainage wetlands for the Iowa portion of the DML (Miller et al. 2009 ). This difference in area, however, is due to a basic difference in the methodological approach. In the Miller et al. (2009) study, historical wetland area was identified based primarily on the presence of hydric soil, as indicated by SSURGO data. The difference between the 1.4 million ha of SSURGO-identified hydric soil areas and the 386 000 ha of LIDAR-identified wetland depressions can be attributed to at least two different factors. First, there are areas of hydric soil that are not endorheic depressions. Although such areas may correspond to areas of hydrologic connectivity between depressional wetlands, an area of hydric soil alone does not fit our definition of a depressional wetland area (McCauley and Jenkins 2005) . Second, the 1:12 000 mapping scale of the SSURGO data is coarser than that of the 1-m LIDAR data. As a result, there may be numerous small depressional wetlands identified in one larger area of SSURGO-identified hydric soil. Under this circumstance, use of the LIDAR-identified depressional areas provides us with a more conservative and likely more accurate estimate of historical wetland area than that provided by the SSURGO data alone. Accordingly, we have adopted the more conservative approach of considering historical wetlands to occur at the points of intersection between SSURGO-identified hydric soils and LIDAR-identified depressions, as proposed in the McCauley and Jenkins (2005) study.
Wetland area as a percentage of the landform area was found to differ among the different landform types. In particular, the moraine areas, which form the rocky, outer margins of the glacial advances, had lower percentages of their land area covered by wetland depressions than their corresponding advances, as indicated in Table 1 . The Bemis moraine, for example, had only a 3% wetland area, which was less than half that of the Bemis advance, with its 8% wetland area. In addition, densities differed between the three major glacial advances, with each of the overriding, and more recent, glacial advances corresponding to a higher percentage of wetland area. The 8% wetland area for Bemis, the oldest advance, for example, was less than half that for the Altamont advance (15%), and the most recent advance, the Algona, had the highest percentage of wetland area (19%). In other words, the percentage of wetland area for the three glacial advances appears to directly correspond to the number of overlying advances, and thus to a more complex geologic history.
Based on our identified historical wetlands, a powerlaw relationship (Fig. 3a) was observed between the size of the depressions and the number of depressions belonging to each size class (Eq. 1). These results are consistent with our original hypothesis as well as with reported observations of power-law size-frequency relationships for small water bodies (Downing et al. 2006 , Zhang et al. 2009 ). The exponent of À1.67 for the DML is consistent with previously obtained values of À1.3 (North Dakota, USA) and À1.6 to À1.8 (South Dakota, USA) for other areas of the PPR (Downing et al. 2006) .
We further examined the variation in the power-law relationship as a function of the various landform types within the DML. Examples of the power-law distributions in three classes of landforms (moraine, advance, and moraine complex) are shown in Fig. 3a , and the power-law coefficient and exponents for all 13 landform types are presented in Table 1 . The exponents vary over a narrow range; however, the exponents for the moraines are lower than those for the advances. The coefficients of the power-law relationships vary more significantly than the exponent values, and scale as a power function with the landform area (Fig. 3b) .
Current wetland analysis using NWI data.-The historical wetlands were compared with current wetlands identified using the Iowa NWI data set. Not surprisingly, based on the history of settlement and agricultural intensification across the DML, a full order of magnitude loss of wetland area was observed, from approximately 3.86 million m 2 in historical wetland area to 385 000 m 2 in current NWI wetland area. This result corresponds to an overall 90% loss and is on the same order as previous estimates of a 95-99% loss of wetland area for the DML (Table 1; Miller et al. 2009 ).
The size-frequency distribution observed for the historical wetlands was compared with that observed for current NWI wetlands to assess the losses associated with wetlands of different size classes. Consistent with our hypothesis, the attributes of the size-frequency distribution of the wetlands had been altered. First, the coefficient of variation of the wetland size distribution decreased from 7.7 for historical wetlands to 3.9 for the current wetlands, indicating a generally narrower range of sizes for current wetlands. Further, the size-frequency distribution of the current wetlands was found to deviate from the power-law distribution that characterizes the historical depressional wetlands of the DML (Fig. 3c) . In particular, the data indicate a preferential loss of both smaller and larger wetlands (Fig. 3d) , with a greater proportion of wetlands in the intermediate size class having been preserved. Thus, our results indicate that human intervention has led to a homogenization of the distribution of wetland sizes.
Further, our analysis of current NWI wetlands shows a more consistent distribution of wetland areas among the three glacial advances compared to the historical wetlands. For example, the Bemis advance that historically had a lower percentage of wetland area (;8.3%) also encountered the lowest percentage of wetland loss, 82% compared to the 93-94% losses observed for the Algona and Altamont advances. As a result, the percentage of wetland area for all the advances is currently ;1.1%. The percentage of wetland area for the moraines is only slightly less, 0.7%. These findings are indicative not only of the overall loss of wetland area, but also of the landscape homogenization that has occurred as a result of the installed subsurface drainage systems, which mask the geomorphically controlled differences between the various landform areas throughout the DML.
Perimeter -area relationships of historical vs. current wetlands
The disproportionate loss of smaller wetlands has particular implications with regard to perimeter-to-area (P:A) ratios. Perimeter-area relationships of historical wetlands indicate that the smaller wetlands have higher P:A ratios than the larger wetlands, a fact that can simply be attributed to standard geometrical relationships (Fig. 4a) . For example, if each wetland is assumed to be a perfect circle, the P:A ratio for a 1000-m 2 wetland would be 0.11 m À1 , whereas that ratio for a 100 000-m 2 wetland would be only 0.01 m
À1
. Thus, a greater loss of smaller wetlands would directly translate to a disproportionate loss of wetland perimeter. Indeed, the mean P:A ratio for DML wetlands has decreased by Notes: The intercepts and exponents of the historical wetlands refer to the parameter of the power-function fit to the sizefrequency distribution of the depressions, while NNR (nearest neighbor ratio) refers to the ratio between the observed mean distance between wetlands and the expected distance in a hypothetical random distribution. An NNR value close to 1 indicates a random distribution, while NNR ,1 indicates clustering. The z-score refers to the levels of statistical significance, with scores between À1.96 and 1.96 being consistent with a 95% confidence interval. 50%, from 0.20 m À1 for historical wetlands to 0.10 m À1 for current wetlands. As can also be seen in Fig. 4a , even within wetlands of the same size class, current wetlands have lower P:A ratios than historical wetlands. This difference can be explained in large part by the smoothing of the outer boundaries of wetlands in farmed landscapes. As an example, Fig. 4b shows a satellite image of farmland within the DML with an NWI-designated wetland area near its center (dark gray), and the boundaries of the LIDAR-identified historical wetland area (lighter gray). In Fig. 4c , which shows the same image without the NWI and LIDAR polygon overlays, it can clearly be seen that crops are being planted up to the more ''simplified'' NWI wetland boundaries. These two figures clearly illustrate that the difference between the historical and current wetland boundaries represents not only a loss of wetland area, but also a loss in the extent and complexity of the perimeter.
The complexity of the wetland perimeter described above can be quantified in terms of the SI, calculated as the ratio of the actual wetland perimeter to the perimeter of a circle of equivalent area, as shown in Eq. 2 (Merendino and Ankney 1994, Gilbert et al. 2006) . A comparison of the SI between current and historical wetlands shows a value of 2.43 6 1.28 for historical wetlands and 1.56 6 0.60 for current wetlands; all means are presented 6standard deviation. The higher mean value and SD of the SI values for historical wetlands are reflective of the greater complexity and greater variability in their perimeters as compared to the current wetlands. The greater variability is also captured in the higher coefficient of variation for SI in historical wetlands (0.53) as compared to current wetlands (0.39). Further, although the modal SI value is approximately equal to 1.1 for both historical and current wetlands, the proportion of wetlands with higher irregularity indices is greater in the historical than in the current distribution (Fig. 4d) . It can also be seen that a significant portion of historical wetlands have SI values above 1.8, whereas there is a sharp decrease in the number of current wetlands with the higher SI values.
Spatial analysis of historical vs. current wetlands
Nearest neighbor analysis.-Wetland loss has also resulted in a shift in the spatial distribution of remaining wetlands, such that the mean NN distance in the DML has increased from 153 m (coefficient of variation ¼ 0.59) for historical wetlands to 204 m (coefficient of variation ¼ 1.53) for current wetlands (Table 1) . The greater mean NN distance in the current wetlands arises directly from the large loss of wetland area, which has left many wetlands geographically isolated from other wetlands, particularly in upland areas. Accordingly, there is a much wider distribution of NN distances for current than for historical wetlands, with a larger number of wetlands that are much farther apart than they have been in the past (Fig. 5a ).
Spatial analysis of NN distances for both historical and current wetlands shows a pattern of statistically significant clustering (P , 0.001) throughout the DML. However, for the historical wetlands, the NNI (0.96) is only slightly less than 1, and there exists a 1:1 relationship between expected and observed distances (Fig. 6b) , indicating that the degree of clustering is low and that the spatial pattern is very close to random. In   FIG. 4. (a) Perimeter : area (P:A) ratio of the historical and current wetlands plotted as a function of the surface area of the depressions. The relationships are compared with the ideal relationship of a circle that has theoretically the lowest P:A ratio. A consistent power-function relationship is apparent for the historical wetlands, with a larger exponent than that for the circle, indicating that they are noncircular. For the current wetlands, the P:A ratio is lower than the historical wetlands and lies between the historical wetlands and the circle, indicating that the shape is more circular. contrast, for current wetlands, the NNI is 0.44 and there is a nonlinear relationship between expected and observed distances, indicative of significant clustering (Fig. 5b) . This greater degree of clustering for current wetlands corresponds to a disproportionate loss of wetlands in upland areas, thus leaving a greater proportion of tightly clustered wetlands close to the river network. Preferential wetland loss in these systems has thus transformed the random distribution to a more clustered distribution of wetlands.
At the landform level, NN distances were found to vary significantly between advances and moraines for historical wetlands, averaging 149.5 6 3.0 m for the advances and 175.1 6 17.3 m for the moraines (Table 1) . NNI, however, did not differ substantially between the various landforms, indicating that the larger NN distances for the moraines were a result not of a greater level of dispersion, but simply of the lower wetland densities for these landforms.
We further explored the NN distance as a function of wetland size. Similar to the size-frequency relationships described in Results: Size-frequency distribution of historical and current depressional wetlands: Historical wetland analysis using LIDAR and SSURGO for the historical wetlands, a strong power-law relationship (y ¼ 2.5x À0.36 , R 2 ¼ 0.98) was found between historical wetland size and the average NN distance, with smaller wetlands having smaller NN distances than the larger wetlands (Fig. 5c ). As can be seen in the figure, this relationship has changed significantly with the current distribution of wetlands. Not only is there a disproportionate loss of smaller wetlands, but also the remaining small wetlands are increasingly isolated, with NN distances of smaller wetlands almost double those found with historical distribution patterns, while the NN distances of larger wetlands have not changed significantly.
Density analysis.-The reduction in wetland area has not only increased NN distances, but also decreased the overall wetland densities around individual wetlands. Fig. 6a, b shows the wetland densities in a 3-km radius around each wetland in the DML for both the historical and current data sets. Analysis of the raster data indicated a mean density value of 0.12 6 0.07 (km 2 wetland area/km 2 watershed area) for historical wetlands, with a maximum value of 0.57, whereas the mean Fig. 6a, b show a clear shift in the overall densities of historical vs. current wetlands, with the current wetland data set having greater densities around the network of major rivers.
Distance to river network.-As indicated by the results of the density analysis, the mean distance to the river network changed significantly between historical and current wetlands. This shift is also reflected in the increased degree of clustering for current wetlands. Even when excluding riverine wetlands from our analysis, current wetlands were found to have a mean distance to major rivers of 2551 6 3378 m, whereas the mean distance for historical wetlands was 3134 6 2647 m, indicating a much higher proportion of historical wetlands being located in upland areas. Analysis of the probability distribution function (Fig. 7) reveals a much greater proportion of smaller distances to the river network in the current wetlands compared to the historical ones. For historical wetlands, only 12% of palustrine wetlands were less than 500 km from the river network, whereas for current wetlands this percentage has jumped to 34%. This change is a result of multiple factors, as discussed in the Discussion.
DISCUSSION
Consistent with previous studies, our findings show an approximately 90% loss of wetland area across the DML. Although this large loss of wetland area is well accepted, there has previously been no comprehensive understanding of the ways in which selective drainage and restoration practices have impacted the overall sizefrequency distribution for wetlands in the DML. If wetland loss as a result of such practices were to occur in a random fashion, the power-law relationship would be maintained for current wetlands, but with a decrease in the coefficient values, indicating a simple scaling response. Our hypothesis, however, was that because drainage and restoration have been selective rather than random, current wetlands would demonstrate a breakdown of this power-law relationship. Indeed, our results show reduced R 2 values for the power-law equations (Fig. 3a, c) , reduced slope values, and, upon visual inspection, a pronounced curvature of the distribution for smaller wetland sizes, indicating a preferential loss of smaller wetlands (Fig. 4c) . Our results are also indicative FIG. 6 . Wetland densities in a 3-km radius around each wetland in the DML for both (a) historical and (b) current wetlands. The maps show both a loss in wetland density and an increased tendency for current wetlands to be clustered closer to the river network.
FIG. 7. Frequency distribution for the distance to the nearest stream (river network) for historical and current wetlands.
of several other major trends regarding the alteration of wetland attributes over the last 100 years in the DML. These include a decrease in the perimeter : area ratio and shoreline irregularity, an increase in the mean NN distance as well as the degree of clustering, and a decreased distance to the river network. In this section, we describe the major implications of these trends.
Preferential loss of smaller wetlands
As indicated, our analyses indicate a preferential loss of smaller wetlands in the DML. This loss of smaller wetlands has been encouraged by farm practices and patterns of land development as well as biases in wetlands protection programs, as described in Introduction (Hewes and Frandson 1952, Miller et al. 2009 ). While legislation has frequently been based on the assumption that small wetlands have minimal significance, numerous recent studies have led to a contrasting view, that bigger is not necessarily better, and that smaller waterbodies play a unique role in the landscape (Semlitsch and Bodie 1998 , Naugle et al. 2001 , Leibowitz 2003 , Downing 2010 . Smaller, isolated wetlands have been found to make a particularly important contribution to the maintenance of high levels of biodiversity by providing specialized habitats for wetland plants and insects (Bodie and Semlitsch 2000 , Semlitsch 2000 , Leibowitz 2003 . Amphibians, in particular, are dependent on the shorter hydroperiods of smaller wetlands, which do not allow for the populations of predatory fish found in larger wetlands that would otherwise consume amphibian larvae (Morin 1983 , Wilbur 1987 , Semlitsch and Bodie 1998 . Prairie pothole wetlands are particularly important to sustaining breeding populations of migratory waterfowl, and waterfowl also benefit from the lack of predatory fish in smaller wetlands, as they do not have to compete with the fish for invertebrates (van der Valk 2005) .
Small wetlands also have particular hydrologic and biogeochemical significance. From a hydrologic perspective, small wetlands distributed across upland areas provide distributed groundwater recharge and lead to more sustained baseflows throughout a watershed. From a biogeochemical perspective, dissolved organic carbon concentrations and rates of organic C sequestration in sediments per unit area have been observed to decline sharply with increases in the size of the waterbody (Post 2002 , Xenopoulos et al. 2003 , Downing 2010 . Further, denitrification rate constants have been found to scale with residence times in waterbodies, with larger waterbodies having greater residence times and thus lower denitrification rates (Green et al. 2009 ). Indeed, it has been suggested that small wetlands may provide greater ecosystem services per unit area than larger wetlands, with one meta-analysis of 418 observations from 186 wetland sites worldwide revealing a negative correlation between ecosystem services and wetland size (Ghermandi et al. 2010) . Accordingly, the loss of a large number of small wetlands cannot be mitigated by the restoration of an equal area of large wetlands, and restoration efforts must attempt not just to restore wetland area but also to replicate to some extent the size distribution of the historical wetlands.
Decrease in the perimeter : area ratio and irregularity index
Our results indicate that wetland conversion has preferentially decreased both the perimeter : area ratio and the complexity and irregularity of the perimeter, as captured by the shoreline irregularity metric. Such losses in the complexity and extent of wetland perimeter are known to have hydrologic, biogeochemical, and ecological consequences. A higher P:A ratio (also referred to in some studies as the shoreline-to-area ratio) and shoreline irregularity is indicative of a greater degree of connectivity between the wetland and its surrounding upland (Millar 1971) . In a study of multiple wetland ponds in Saskatchewan, Canada between 1963 and 1969 , Millar (1971 observed a strong linear correlation between infiltration losses from ponds and the P:A ratio. These findings suggest that rates of water loss, and thus the potential for recharge, from prairie potholes will vary directly with the P:A ratio and hence inversely with the size of individual wetlands (Gilbert et al. 2006) . Accordingly, the reduction in the P:A ratio that has occurred between historical and current wetlands translates to disproportionate losses in their recharge function.
From a biogeochemical perspective, a higher P:A ratio indicates greater wetland-upland connectivity and thus larger areas of the wetland that are subject to periodic wet-dry cycles. Denitrification has been observed to be greater in areas that are subject to the greatest water table fluctuations, and thus loss of perimeter implies a loss in the denitrification potential (Hefting et al. 2004) . It has also recently been observed that the genes responsible for complete denitrification (conversion to N 2 instead of N 2 O) are in greater abundance in the transitional zones of wetland perimeters rather than in deepwater areas (Ligi et al. 2014) , leading to potentially reduced N 2 O emissions in the perimeters (Philippot et al. 2011) . As N 2 O is a potent greenhouse gas (Canfield et al. 2010) , maximizing wetland perimeter, or higher P:A ratios, should be considered a priority in restoration efforts.
Finally, from an ecological perspective, when wetlands have more edge, there is a greater potential for more wet-meadow and low-prairie vegetation to surround the wetland area, thus increasing habitat area for some wetland birds. In one study of wetland bird communities of the PPR (Fairbairn and Dinsmore 2001) , the P:A ratios of wetland complexes were found to be strongly correlated with the densities of several species of wetland birds. In fact, the P:A ratio was found to be associated with more species than any of the other variables examined, including vegetation types and the total wetland area. Interestingly, the correlation between P:A ratio and species density was positive for some species but negative for others, suggesting that some species preferentially converge around wetland complexes with higher levels of shoreline irregularity and thus a greater extent of edge vegetation, while others frequent larger wetlands and have a greater dependence on emergent vegetation. From an ecological perspective, these correlations point toward the importance of maintaining the overall distribution of wetland size and type rather than preferentially preserving a particular size class.
Increase in mean nearest neighbor distance
Our results show not just a decrease in wetland area throughout the DML but also an overall increase in the NN distances for current wetlands compared with historical wetlands. Even with the greater degree of clustering observed with current wetlands, this drop in mean NN distance is significant, particularly for smaller wetlands. As can be seen in Fig. 6c , a 43% increase in NN distance was found for wetlands with areas less than 1 ha. This increase in distance has obvious consequences with regard to wetland connectivity and directly impacts the probability of both migration and recolonization of wetland species. Smaller dispersal distances between wetlands increase the probability that a population inhabiting a particular pond can be saved from extinction by dispersing populations from neighboring ponds (Semlitsch 2000) .
The density of wetland habitat, often quantified as either the number of wetlands or total wetland area within a 2-3-km radius, has also been found to be a significant predictor of species richness for some wetland species (Fairbairn and Dinsmore 2001) . Our analysis showed a decrease in density around individual wetlands from 12% for historical wetlands to only 3% for current wetlands. At the local scale, low wetland densities can create critical conditions with regard to dispersal processes. At a larger scale, it has been speculated that migrating waterfowl use general features of the landscape to evaluate whether to further investigate a site's nesting potential, and that without a threshold level of wetland density, isolated wetlands are generally overlooked as potential habitat (Orians and Wittenberger 1991) . For example, a study of scale-dependent habitat use in the PPR found that black terns are rarely found on wetlands in areas of low wetland density (Naugle et al. 1999 ).
Distance to river network
Our results indicate a preferential loss of wetlands that are farther away from the river network. This change has come as a result of three different trends. First, new settlers to the PPR would preferentially begin draining relatively drier upland areas for farming before attempting to farm the bottomland areas closest to the rivers (Hewes and Frandson 1952) , resulting in preferential preservation of wetlands along natural drainage networks. Second, wetland protection programs have been biased against protection of upland wetlands. The U.S. Supreme Court's 2001 SWANCC decision led to a loss of protection of isolated wetlands that are nonadjacent to ''navigable waters'' by placing them outside the purview of the Clean Water Act (Schroder 2006) . The more recent Rapanos vs. United States decision clouded the waters even further by introducing the requirement that waters eligible for protection must demonstrate a ''significant nexus'' with navigable waters, though what constitutes such a nexus remains to be fully elucidated (Leibowitz et al. 2008) . Finally, while wetland protection has been biased against wetlands in the uplands, wetland restoration efforts have been focused on wetlands closest to the river network, particularly in downstream areas. Wetlands are particularly valued for their denitrification potential in areas with high levels of N fertilizer application, as is typical throughout the DML, and the water-quality benefits of restored wetlands have been assumed to decrease with increased distance from the river network (White and Fennessy 2005) . Accordingly, when identifying sites for potential wetland restoration, planners will routinely prioritize sites that are closer to major rivers (Trepel and Palmeri 2002) . It has been noted, however, that with current levels of wetland loss, this preferential restoration of wetlands in close proximity to rivers is resulting in nutrient loading intensities beyond the capacities of these bodies to provide meaningful water-purification services (Verhoeven et al. 2006 ). This overloading can result not only in enhanced greenhouse gas production, but also in high primary productivity and low species density in the existing wetlands due to the high levels of nutrient enrichment. Once again, the change in the spatial organization of the remaining wetlands has led toward a much narrower set of ecosystem types than that seen with the historical distribution of wetlands.
A landscape perspective for restoration
In 1992, the National Research Council recommended that a ''landscape perspective'' be taken when restoring aquatic ecosystems (NRC 1992) . Such a perspective would require evaluating the potential success of any wetland restoration project or program within the context of the larger landscape rather than at the scale of the individual wetland. Success in this context might be interpreted as a measure of how the wetland management programs are contributing to maintaining or improving the hydrologic, biogeochemical, and ecological integrity of a watershed (Kentula 2000) . Based on these criteria, however, most current wetland management practices fall short. Indeed, most current wetland preservation programs such as the USDA Wetlands Reserve Program have no clear strategy for restoring ecosystem services at the catchment scale (Woltemade 2000 , Zedler 2003 ). Further, lack of an appreciation of the landscape perspective often leads to restored individual wetlands performing suboptimally compared to their pristine counterparts (Zedler 2003) . The results of our study suggest that to effectively carry out a landscape approach to wetland restoration, it is crucial that the size distributions and spatial architecture of historical wetland sites within a watershed be not only understood, but used as a guideline for prioritizing sites for both restoration and regulatory protection.
Summary and broader implications
We examined patterns of wetland loss in the PPR of the DML using high-resolution LIDAR data and NWI data sets. The former was used to identify historical wetlands while the latter was used for current wetlands. The results show a greater than 90% wetland loss in the DML, which is significantly greater than the 65% loss seen in the PPR as a whole (Leibowitz 2003 , Euliss et al. 2006 . This loss in the DML is characterized by a clear preferential loss of smaller wetlands, which has led to a breakdown of the power-law size distribution nearly universally observed for surface waterbodies (Downing et al. 2010) . Such a pattern of loss has been accompanied by decreased perimeter-to-area ratios, an increase in mean NN distances, and a decreased distance to the river network, thus leading to losses of specialized wetland habitat as well as impaired hydrologic and biogeochemical functionality of remaining wetlands.
The extent of the impacts in the DML may serve as a cautionary tale for the rest of the PPR region, where land-use and land-cover change, driven by increased demand for biofuel feedstocks (Wright and Wimberly 2013) , continues to result in drainage of wetland areas. The annual wetland loss rate in the Dakota PPR is estimated at ;0.3% per year, and in the Minnesota PPR, loss rates have been found to be as high as 15% per year (Johnston 2013) . PPR wetland complexes are also highly vulnerable to climate change, with temporary, semipermanent, and seasonal wetlands being at the greatest risk of extinction under future climate scenarios (Johnson et al. 2010) . Therefore, although the present results are specific to the DML, the issues of size and spatial organization highlighted by our findings are relevant over the entire PPR and to landscapes across the world where human activities are modifying both catchment structure and function. As regulatory protection of wetlands continues to be weakened, as with the muchdiscussed SWANCC and Rapanos decisions within the United States, and as climate and land-use change throughout the world further threaten wetland areas, it will be of utmost importance to take into consideration the spatial architecture and connectivity of both historical and current wetlands in ongoing preservation and restoration efforts.
